The article presents an analytical model for evaluation of ion angular distribution functions ͑IADFs͒ at a radio frequency ͑rf͒-biased surface in a high-density plasma reactor. The model couples a unified rf sheath model to an assumed ion velocity distribution function-based formulation for determining the IADF under any general rf-bias condition. Under direct-current ͑dc͒ bias conditions the IADF profile shape shows a strong dependence on the bias voltage and the ion temperature is relatively independent of the plasma electron temperature, ion density, and the ion mass. The model establishes the importance of rf-bias frequency in determining the IADF. For conditions where the sheath current wave form is sinusoidal, low bias frequencies result in a large-angle tail contribution to the IADF which can potentially lead to poor anisotropic plasma etching behavior. The large-angle tail is absent at higher bias frequencies. An increase in bias power leads to a general narrowing of the IADF, but the large-angle tail for the IADF at low frequencies persists despite increasing bias powers. Therefore, plasma etch anisotropy can be improved by increasing bias powers only if the bias frequency is sufficiently high. Tangential ion drift velocities introduce azimuthal angle dependence on the IADF and a shift in the peak IADF to off-normal polar angles. While the location of the peak IADF in the azimuthal direction is dictated purely by the direction of the drift velocity, the shift in peak IADF in the polar angle depends on both the drift velocity as well as the bias frequency.
I. INTRODUCTION
Fidelity of pattern transfer during plasma etching of microelectronic devices depends critically on ion impact phenomena at a process surface. Several important characteristics of ion impact phenomena can be summarized by defining ion energy distribution functions ͑IEDFs͒ and ion angular distribution functions ͑IADFs͒. 1 The IEDF describes the probability of ion impact at a process surface for a given ion impact energy and the IADF describes the probability of ion impact for given ion impact angles about normal incidence to the surface. The importance of ion impact phenomena in etching of semiconductor material surfaces has been established by numerous experimental studies. [2] [3] [4] [5] [6] In particular, the importance of IEDF and IADF on the etch yield in ionlimited surface etch reactions has been established. 4 -6 The ion impact angles also play an obvious role in the determining the evolution of the feature topology during an etch process. 7, 8 Therefore, proper quantitative understanding of the ion impact energies and angles at a process surface is critical to the design of a high quality etch process.
The actual forms of the ion energy and angular distribution functions at the process surface are controlled by the ion dynamics in negatively biased sheaths that separate the bulk plasma from the process surface. In a typical high-density plasma etch reactor, the process surface is biased by a separate radio-frequency ͑rf͒ source which results in a timedependent rf sheath at the surface. The sheath dimensions are such that ion motion through it is nearly collisionless and determined purely by the spatio-temporal dynamics of the electric field in the sheath. This makes a theoretical study of the sheath phenomena tractable through analytical means. Indeed, much attention has been paid recently to developing analytic and semianalytic models for such rf-biased, collisionless plasma sheaths. [9] [10] [11] [12] [13] In particular Riley's, semianalytic, sheath model 11, 12 is now accepted as a unified representation of sheath phenomena over the entire spectrum of rf-bias frequencies. Riley's model, and variants thereof, predict a bimodal IEDF for collisionless rf sheaths with the IEDF width and shape depending critically on the bias frequency, bias voltages, bulk plasma ion densities, and electron temperature, among other factors. 14 -16 Experimental studies of IEDF in semiconductor plasma systems have been performed in capacitively coupled rf discharges [17] [18] [19] [20] [21] and more recently in high-density plasma discharges. [22] [23] [24] [25] In general, these measurements have corroborated model predictions.
Owing to significant practical difficulties, accurate measurements of IADF are rare, but have been done. surface in a high-density plasma reactor, but the plasma conditions were such that the bias sheath was sufficiently collisional and results in the IADF being ''contaminated'' by the effect of elastic and charge exchange collisions. IADF measuments under typical collisionless rf-biased sheath conditions in high-density plasma reactors are currently lacking. Also lacking are accurate analytical or semianalytical models that can predict ion angular distributions in collisionless rfbiased sheaths. Gottscho 27 provides an analytical formulation for determining IADF in collisionless sheaths, but the model is limited to determining distributions in steady-state negatively biased sheath. As such, Gottscho's model is valid only in the high frequency and low frequency limits of a rf-biased, high-density plasma sheath. In the high-frequency limit the IADF can be calculated using the time-averaged sheath potential and in the low frequency case a time-averaged IADF can be calculated by using the instantaneous sheath potential drops through a rf cycle. Particle-based Monte Carlo approaches provide an alternative to determing IADFs but are usually time consuming when compared to analytical approaches. 7, 25 In this article, we present an analytical model for predicting ion angular distributions at a rf-biased process surface in a high-density plasma reactor. The model uses elements of Gottscho's analytical IADF formulation and couples to Riley's sheath model 12 to enable predictions of the IADF over the entire range of rf frequencies. The rest of the article discusses the theoretical framework for the model followed by a discussion of IADF results using the model.
II. THEORETICAL FRAMEWORK
Anisotropic etching of microelectronic features in highdensity plasma reactors relies on ions approaching the process surface at near normal incidence angles. Positive ions are extracted from the bulk plasma by applying a large negative bias voltage at the process surface. For typical highdensity plasma reactor operating conditions where electron densities exceed 10 11 cm Ϫ3 and pressures are lower than 50 mTorr, the sheath thickness is small ͑ϳ100 m͒ compared to typical ion mean free paths ͑ϳ1 mm͒. Consequently, ion motion through the sheath is collisionless and the ions are accelerated towards the surface with significant normal velocities at impact. Although ions are accelerated in the direction perpendicular to the bias surface plane, their velocity components in the direction parallel to the surface plane ͑tangen-tial direction͒ remain unchanged and are preserved as the ions impact the surface. Thermally induced or ion fluid drift induced components of ion particle velocities in the tangential direction are the principal reason for off-normal ion incidence angles at the surface. This essential physics of ion motion through a collisionless sheath is used in formulating the analytical model for IADF. We begin by defining a waferbased coordinate system where the x-y coordinate axes correspond to the wafer plane ͑see Fig. 1͒ . The origin is coincident with the point at which the IADF is desired.
A. Riley sheath model
An accurate description of the spatio-temporal ion dynamics in the sheath is required in order to determine the ion impact velocity component in the direction perpendicular to the process surface. As treated in detail elsewhere, the ion dynamics in the sheath depend on a number of factors including the electron temperature and ion density in the bulk plasma in the immediate vicinity of the sheath, the bias voltage, and the bias frequency. [9] [10] [11] [12] The Riley sheath model provides a description of the time-dependent wall potential and the effective time-dependent wall potential experienced by the ions as they impact the surface. 12 For the collisionless sheaths the effective wall potential experienced by the ions is sufficient to evaluate the z component of the ion impact velocities at the biased surface. Riley's sheath model is valid over a wide range of bias frequencies and therefore provides a unified description of sheath phenomena. Here we present a brief description of the sheath model for completeness.
The sheath model treats one-dimensional, collisionless motion of ions through the sheath in the z direction alone. Thermal fluctuations of the ions in the z direction are neglected ͑cold ions͒ and the electrons are considered to be in complete thermal equilibrium characterized by the electron temperature at the sheath-bulk plasma interface ͑sheath edge͒. The electric field in the sheath is determined using the Poisson's equation
where ⌽ is the electric potential, n i is the ion number density, n e is the electron number density in the sheath, and Z i is the ion charge number ͑usually one͒. The term ⑀ 0 is the permittivity of free space and e is the unit charge number. The electron number density is determined using Boltzmann's equilibrium distribution
͑2͒
where n e,0 is the electron number density and T e is the bulk electron temperature at the sheath edge; k B is the Boltzmann constant. The potential at the sheath edge is assumed to be the reference zero potential. The ion number density is determined using the ion continuity equation in the steady-state form without any source or sink contributions ͑collisionless sheath͒ 
where n i,0 is the ion number density at the sheath edge, C 0 is the z-direction ion speed at the sheath edge, and C z is the z-direction ion speed in the sheath. The speed at the sheath edge is evaluated as
, where u B,i is the ion Bohm speed at the sheath edge and m i is the ion particle mass. C z is computed using ion energy conservation
where ⌽ i is defined as a damped ion potential. Within the framework of the Riley model the ions are assumed to experience an effective potential ͑the damped ion potential͒ as they move through the sheath. Owing to their large mass, ion motion is assumed to depend on the damped potential ⌽ i rather than the true sheath potential ⌽ and the ion dynamics in the sheath can be treated as a quasi steady-state phenomenon with the damped ion potential providing the potential field for ion motion at each instance in time. The damped ion potential depends on the rf-bias frequency, ion mass, and the charged species number densities and asymptotically approaches the true sheath potential in the low frequency limit and the time-average sheath potential in the high frequency limit. The damped ion potential is constructed using a relaxation equation
where i is a damping time scale for the ions and is approximately the ion transit time through the sheath. Since the sheath thickness scales with the electron Debye length ͑usu-ally a factor of 10 greater than the Debye length͒ and the ion velocities through the sheath are of the order of the Bohm velocity as they enter the sheath and accelerate to higher values as they traverse the sheath, the ion transit time through the sheath can be approximated as the ratio of the electron Debye length to the ion Bohm velocity. Therefore, the damping time scale is given as i ϭ(⑀ 0 m i /e 2 n e,0 ) 1/2 . Substituting for the ion and electron densities in the sheath and taking the first integral of the Poisson's equation, an equation for the electric field in the sheath is obtained as
where E 0 is the sheath field at the sheath edge ͑here assumed zero͒. The mechanics of using the sheath model involves specifying the total current density through the sheath to solve for the true potential at the surface as well as the damped ion potential. In this work we assume a sinusoidal wave form for the total current density through the sheath.
The sinusoidal current density is an adequate representation for a typical plasma process where the substrate is either insulating or a blocking capacitor is used deliberately to prevent the flow of net dc current through the process surface in order to avoid damage. 12, 15 The total current density is the sum of contributions from the electron current, ion current, and the displacement currents and is given as
where the partial derivatives of E with respect to ⌽ and ⌽ i are evaluated using Eq. ͑6͒. Equation ͑7͒ in conjunction with Eq. ͑5͒ constitutes a set of coupled ordinary differential equations for evaluating ⌽ and ⌽ i , respectively, at any given z location in the sheath. Specifically, the true surface potential ⌽ s and the damped ion potential at the surface ⌽ i,s can be evaluated and used in the prediction of the IEDF and the IADF. Figure 2 shows example results for ⌽ s and ⌽ i,s using the above Riley sheath model. The results are for argon ions traversing the sheath at a low ͑1 MHz͒ bias frequency and a high ͑50 MHz͒ bias frequency. The argon ion density at the sheath edge is assumed to be 3ϫ10 17 m Ϫ3 and the electron temperature at the sheath edge is 3 eV. The bias power is fixed at 100 W for both cases; the bias power being defined as P bias ϭA sub / rf ͐ t tϩ rf ⌽ s j tot dt, where rf is the rf period and A sub is the bias surface area which equals 0.0139 m 2 for all cases in this study. For 100 W bias power the specified peak sinusoidal input currents for the 1 and 50 MHz cases are required to be 167.5 and 1020 A/m 2 , respectively. In the low frequency 1 MHz case the ion transit times are much smaller than the rf period and hence the damped ion potential approaches the true surface potential throughout the transient. Significant negative bias potential values are achieved for short periods during the rf cycle. For the remaining period of the cycle the potentials remain close to the plasma floating potential value of about 15 V. For the high frequency 50 MHz case the ion transit times are greater than the cycle period which results in significant damping of the ion potentials compared to the true surface potentials. Also, the peak negative bias voltage values for the high frequency case are less that the low frequency case.
Once the time-dependent potentials at the bias surface are known, the IEDF is determined readily by a sampling procedure involving the damped ion surface potential ⌽ i,s . 28 Determining the IADF is the subject of the remaining part of this article.
B. Analytical formulation for ion angular distributions
The analytical formulation for the IADF begins with an assumed ion velocity distribution function at the process surface zϭ0. In the absence of collisions, the ion velocity distribution function is highly anisotropic within the sheath where significant electric fields exist in the z direction. A reasonable approximation for the ion velocity distribution at the bias surface is given by the form
where the x and y components of the ion velocity are given by an equilibrium Maxwellian distribution with a characteristic ion temperature T i and the z component of the ion velocity is given by a delta function centered at C z,s . C z,s is the z component of the ion impact velocity at the surface and is determined by the sheath electric field driven ion speed i,s where
The above form of the ion velocity distribution function neglects the thermal fluctuations in the ion velocity in the z direction and is valid for significantly large bias potentials, i.e., for i,s ӷ i , where i is the thermal velocity of the ions at the sheath edge. The time dependence of the distribution function ͓Eq. ͑8͔͒ comes from the time dependence of ⌽ i,s in a rf-biased sheath. It must, however, be emphasized that the time dependence of f is, in fact, interpreted as a quasi steadystate phenomena and follows from similar arguments for the interpretation of quasi-steady ion dynamics using the notion of damped ion potential in the Riley sheath model.
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Two alternative forms of IADF (F IADF ) can be defined, one being a particle flux weighted IADF and the other being an ion kinetic energy flux weighted IADF. The particle flux weighted IADF is defined as the ion particle flux to a surface arriving from a direction defined by a polar angle and azimuthal angle , per unit solid angle about that direction ͑see Fig. 1͒ . The kinetic energy flux weighted IADF is the defined similarly in terms of the ion kinetic energy flux to the surface instead of the ion particle flux to the surface. The particle flux weighted IADF is, therefore, given in terms of the ion velocity distribution function as
and the ion kinetic energy flux weighted IADF is given as
Here, C is the ion speed, d⍀ϭsin d d is the differential solid angle, and n i,s is the ion density at the surface and is given in terms of Eq. ͑3͒ as n i,s ϭn i,0 u B,i / i,s . In terms of polar coordinates, where C x ϭC sin cos and C y ϭC sin sin , we can evaluate the IADF as
͑12͒
where ᐉϭ0 gives the particle weighted IADF and ᐉϭ1 gives the kinetic energy flux weighted IADF. The above form of the IADF is independent of the azimuthal angle and the time dependence comes from the time dependence of i,s .
Modifications for tangential ion drift
The collective motion of ions above the process surface in a plasma reactor results in significant ion fluid drift velocities in the tangential direction ͑parallel to the x-y plane͒. The drift velocity skews the Maxwellian x and y component velocity distributions with a resultant strong effect on the IADF. For large drift velocities the IADF depends on the azimuthal angle in addition to the polar angle . To account for this effect we can define a net tangential ion fluid drift velocity d oriented at an azimuthal angle d about the x axis as shown in Fig. 1 . Accounting for the tangential drift a shifted Maxwellian velocity distribution function is obtained as
͑13͒
Substituting into Eqs. ͑10͒ or ͑11͒ we get
͑14͒
In the presence of tangential ion drift, the IADF now depends on the azimuthal angle , and can result in significant off-normal ion impact angles.
Time-averaged IADF
The time scales for a surface etch process are typically much greater than rf time scales and hence the appropriate form of the IADF must involve a time-averaged description of the ion impact phenomena. The time-averaged IADF is defined as
The time-averaged IADF in the presence of a tangential ion drift is, therefore, given as
where the overline indicates time averaging through a single rf cycle. The cycle average must be computed for each polar angle and azimuthal angle .
III. RESULTS

A. IADF for dc negatively biased surfaces
We first consider steady ͑dc͒ negatively biased sheaths to illustrate typical IADF dependencies on plasma and bias parameters. Figures 3 and 4 show the dependence of normalized particle flux weighted IADF and kinetic energy flux weighted IADF on the dc negative bias potentials ͑constant ⌽ i,s ) and plasma ion temperatures, respectively. The normalization is performed using the maximum value of the IADF (ϭ0) in each case. Argon ions are considered and the ion temperature is fixed at 0.2 eV for the results shown in Fig. 3 and the dc bias potential is fixed at 100 V for results shown in Fig. 4 . The normalized IADFs for particle flux weighted IADF and kinetic energy flux weighted IADFs are virtually indistinguishable from each other for all cases shown in the figures. Consequently, under dc bias conditions the topology aspects of etch behavior remain unchanged whether the surface etch reactions are ion impact kinetic energy limited or simply ion flux limited. This observation allows one to investigate etch anisotropy conditions for dc biased surfaces by using either form of the IADF with no loss of generality. In Fig. 3 the IADF shows a strong dependence on the imposed negative dc bias potential. For increasing bias potentials the angular distribution becomes increasingly narrow and anisotropic. Clearly, for the assumed ion temperature of 0. few hundred volts of bias potential is required to achieve acceptable ion impact angle of within a few degree about normal incidence. The strong dependence of IADF on the plasma ion temperature is evident from Fig. 4 . For increasing ion temperatures the tangential components of the ion velocity increase on average due to thermal fluctuations, which in turn results in a broadening of the IADF. For a realistic highdensity plasma ion temperature of about 0.1 eV, ion impact angles of within 5°are expected for the 100 V bias.
For realistic plasma and dc bias parameters, and in the absence of tangential ion drift, the normalized IADF is found to be relatively independent of all other parameters such as electron temperature T e , the ion density at the sheath edge n i,0 , and the ion mass m i . This is evident from a close scrutiny of Eq. ͑12͒. Since the IADF is significant only for small angles of less than about 10°, the cos terms are approximately equal to unity and, therefore, all terms outside the exponent are eliminated in the evaluation of the normalized IADF. This eliminates dependence on n i,0 and T e , which appears through the ion Bohm speed term. The normalized IADF therefore depends only on the ion mass through the exponent term. However, the mass dependence is also eliminated by the dependence of i,s on m i .
B. IADF for rf biased surfaces
Next we consider IADF in rf-biased sheaths without tangential drift velocities. The IADF is calculated using the time-averaging formulation in Eq. ͑16͒. Figures 5 and 6 present results for argon ion particle flux weighted IADF and kinetic energy flux weighted IADF in rf-biased sheaths for bias frequencies of 1 and 50 MHz, respectively. For both frequency cases the bias power is set at 100 W and the sheath edge plasma parameters and input sinusoidal current densities are the same as those for results presented in Fig. 2 . Hence, the true bias surface potential and the damped ion surface potential are the same as those shown in Fig. 2 . The tangential ion temperature is assumed to be 0.2 eV. Also shown for comparison in Figs. 5 and 6 are the corresponding dc IADF values with constant negative bias surface potentials set at the minimum damped ion potential, the timeaveraged damped ion potential, and the maximum damped ion potentials for the two frequency cases. The values of these dc potentials are indicated in the figure captions. In all cases the IADF axis is truncated appropriately to emphasize the rf IADF profiles.
In Fig. 5 ͑1 MHz case͒ the particle flux and energy flux weighted-rf IADF are observed to differ significantly from all three corresponding dc IADF values. The result emphasizes that actual IADF at an rf biased surface cannot be evaluated accurately using the dc formulation as in Ref. 27 . The particle IADF for the 1 MHz case exhibits a distribution profile with a narrow peak close to normal incidence and a long tail at large angles. The peak value of the rf IADF at ϭ0 is close to the time-averaged dc IADF peak value, but differs significantly from the time-averaged dc IADF profile for increasing polar angles. The rf IADF tail region is seen to correspond closely to the minimum dc IADF. The maximum dc IADF is much narrower than the rf IADF case. The energy weighted-rf IADF is observed to have relatively poor correlation with any of the corresponding dc IADF profiles.
For the 50 MHz case ͑Fig. 6͒ both the particle and energy weighted-rf IADF are seen to correlate quite well with the time-averaged dc IADF profiles. In particular, the particle rf IADF is almost indistinguishable from the time-averaged dc IADF case. The minimum dc IADF shows a broader profile than the corresponding rf IADF profile and the maximum dc IADF shows a narrower profile that the corresponding rf IADF.
Overall, the results shown in Figs. 5 and 6 can be interpreted readily in terms of the damped ion potentials shown in Fig. 2 . For the low ͑1 MHz͒ bias frequency case the damped ion potential follows the surface potential closely and exhibits large negative bias potential values for short durations during the rf cycle. For the remaining period of the cycle the bias potential remains at much lower potentials close to the plasma floating potential. The particle flux weighted rf IADF profile at the low frequencies reflects the transient behavior of the damped ion potential. The short periods of large negative bias potential results in a narrow IADF profile close to the normal incidence and the large periods of low damped ion potentials results in a long tail for the IADF. The IADF profile at the larger incidence angles is therefore seen to correlate well with minimum dc IADF. Under closer scrutiny the energy weighted-rf IADF is also seen to have a tail at the larger ion incidence angles, but the tail of the energy IADF is less prominent owing to the energy weighting which favors the high negative bias potential values. For the high ͑50 MHz͒ frequency, significant damping of the ion potential occurs with corresponding lower excursions of the damped ion potential values from the time-averaged value. The rf IADF at the high frequency is therefore close to time-averaged dc IADF potential. The above results for a wide IADF at low bias frequencies and a narrow IADF for high bias frequencies have also been reported by Kawamura et al. 13 based on a qualitative assessment of the IEDFs. An important conclusion from the above results is that lower rf bias frequencies can be undesirable for anisotropic etching because of the presence of a long tail profile to the IADF at large ion impact angles. Alternatively, the presence of a long IADF tail with low energy ion impact at wider angles may be desirable in alleviating the problem of differential charging in the highaspect ratio etching applications. 7 A typical approach to increasing ion impact anisotropy is to increase the rf bias power. However, as shown in Figs. 7 and 8, the effectiveness of this approach depends critically on the bias frequency and the ion particle flux or ion energy flux threshold for surface etch reactions. These figures plot the particle flux weighted IADF and kinetic energy flux weighted IADF for 1 and 50 MHz bias frequencies with 100 and 400 W bias powers for each of the frequency cases. The plasma conditions are the same as in Fig. 2 and the ion temperature is 0.2 eV.
The top panel in Fig. 7 shows the particle IADF for the above four cases while bottom panel expands the IADF scale to emphasize the smaller IADF values. For a fixed frequency, an increase in the bias power results in an overall narrowing of the particle IADF. An exception to this trend is observed for the 1 MHz case, where an increase in the bias power produces relatively little change to the large-angle tail region of the particle IADF and the tail persists even for very large bias powers. In the higher ͑50 MHz͒ frequency case, the large-angle IADF tail is absent altogether and hence an increase in the bias power results in an overall narrowing of the IADF. From these results it is clear that in the plasma etching of high-aspect ratio microelectronic structures, high bias powers combined with high bias frequencies are required to preserve etch anisotropy.
The top panel of Fig. 8 presents the energy weighted-rf IADF for the same cases as shown in Fig. 7 . The bottom panel presents the same energy IADF results in log scale. The energy IADF shows the same dependence on bias frequency and power as in the particle IADF case. Increased bias power results in improved anisotropic energy deposition characteristics for the high frequency 50 MHz case where the large-angle energy tail is absent. However, for the low frequency 1 MHz case a significant large-angle energy tail is present and the tail is relatively unchanged by an increase in the bias power. Again, depending on the threshold ion impact energy for the etch reactions to proceed, the large-angle energy tail can be detrimental to anisotropic etch characteristics if low bias frequencies are used.
C. Effect of tangential ion fluid drift velocities
The presence of tangential ion drift velocities over the process surface can have a significant effect on the resulting IADF at the surface. The effect of an imposed tangential ion drift velocity on the particle IADF is shown in Figs. 9 and 10, where IADF contours are plotted in the ͑, ͒ domain. Figure 9 shows IADF contours for a 1 MHz bias frequency and Fig. 10 shows contours for a 50 MHz bias frequency. The bias power is fixed at 100 W and the tangential ion drift velocity is 2000 m/s in both cases. Tangential ion drift velocities of the order of a few km/s are experimentally observed for off-center locations in high-density plasma reactors 27 and our choice of 2000 m/s is representative of the same. The other plasma parameters are the same as in Fig. 2 where argon ions impact the surface with ion number densities of 3ϫ10 17 m Ϫ3 at the sheath edge and a plasma electron temperature of 3 eV. The top panels in both figures indicate IADF contours with a drift velocity oriented at an azimuthal angle of 0°and the bottom panels show contours for an angle of 30°.
The presence of a tangential ion drift destroys azimuthal symmetry of the IADF. Note that in the absence of tangential ion drift, the IADF contour profiles in the ͑, ͒ domain are circles with centers at zero and values. The IADF peak value therefore occurs at zero and values. In the presence of a drift velocity, the circular IADF contour shape is distorted and the centers of the contours ͑and peak IADF value͒ shift to off-normal polar angles and nonzero azimuthal angles . The shift of the IADF contours in the direction is dictated purely by the azimuthal direction of the ion tangential velocity. In the lower panels of both Figs. 9 and 10, the peak IADF occurs at 30°which corresponds to the azimuthal direction of the drift velocity. The shift of the IADF peak in the direction depends both on the magnitude of the tangential ion drift velocity as well as bias frequency. It is readily shown that for increasing drift velocities the peak IADF value shifts to increasing off-normal polar angles and for a fixed drift velocity the polar angle at which the peak IADF value occurs increases with increasing bias frequency. For example, peak occurs at a polar angle of about 3°for the 1 MHz case and at about 6°for the 50 MHz case. It can also be shown that for increasing bias frequencies, the polar angle for the peak IADF approaches the limiting value of
, where ṽ i,s is the limiting time-averaged ion impact velocity at the bias surface and is determined using the time-averaged damped ion potential ͓see Eq. ͑9͔͒. The 1 MHz IADF also shows the distinctive tail of the particle IADF at large polar angles. This tail feature is absent for the 50 MHz high bias frequency case. 
IV. SUMMARY
We have developed an analytical model for evaluation of particle flux weighted-and ion kinetic energy flux weightedion angular distribution functions ͑IADFs͒ at a rf-biased surface in a high-density plasma reactor. The model couples the Riley's sheath model to an assumed ion velocity distribution function-based formulation for determining the IADF under rf-bias conditions. Under pure dc bias conditions the IADF shows a strong dependence on the bias voltage and the ion temperatures in the plasma. For realistic plasma and bias conditions, the normalized IADF ͑or IADF profile shape͒ at a dc biased surface is relatively independent of the electron temperature, ion density, and the ion mass. For conditions where a near-sinusoidal current flows through the sheath, the model establishes the importance of rf-bias frequency in determining the IADF. Low bias frequencies result in a largeangle tail contribution to the IADF which can potentially lead to poor anisotropic plasma etching behavior. The largeangle tail is absent at higher bias frequencies. An increase in bias power leads to a general narrowing of the IADF, but the large-angle tail for the IADF at low frequencies persists despite increasing bias powers. This result establishes the importance of using high bias frequencies combined with high bias powers to improve anisotropy during plasma etching. However, in the specific case of etching of high-aspect ratio insulating structures, low bias frequencies may be desirable to alleviate the problem of differential charging effects. The above conclusions are, however, not expected to hold for less typical conditions where the bias voltages are determined by sheath current wave forms that are very different from a sinusoid. Tangential ion drift velocities introduce azimuthal angle dependence on the IADF and a shift in the peak IADF to off-normal polar angles. While the location of the peak IADF in the azimuthal direction is dictated purely by the direction of the drift velocity, the shift in peak IADF in the polar angle depends on both the drift velocity as well as the bias frequency.
